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Reference to Related Applications 

The present invention relates to two other applications filed on the same date: A 
Method and System for Monitoring and Profiling an Integrated Circuit Die Temperature 
(Attny. Docket: SMQ-087/P6548/MDF) and An Integrated Temperature Sensor (Attny. 
Docket: SMQ-088/P6549/MDF). 

Technical Field 

The present invention generally relates to an integrated circuit, and more 
particularly, to a controller for monitoring and controlling the temperature of an 
integrated circuit. 

Background 

Temperature gradients across the dies of today's high performance very large 
scale integration (VLSI) components, such as a microprocessor, can adversely affect 
component performance. For example, a temperature variation between two clock 
driver circuits within a microprocessor often results in a skew in the system clock of the 
microprocessor. Moreover, the die of the microprocessor may reach an unacceptable 
temperature that causes the microprocessor to malfunction or stop functioning. 

To protect a microprocessor from thermal damage, a diode is typically placed in 
the die of the microprocessor to provide a die temperature indication. This diode is 
driven with a fixed amount of current, and the corresponding voltage drop across the 
diode provides an indication of the microprocessor temperature. Unfortunately, the 
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diode provides a temperature indication that is accurate to about ± 10°C, which is often 
not accurate enough to provide an early indication of a temperature abnormality. 
Moreover, because a single diode is typically utilized to monitor the die temperature of 
the entire microprocessor, only a single temperature indication is provided. 

Given the size and complexity of integrated circuits, such as microprocessors, it 
is extremely difficult to determine and monitor a temperature gradient across the 
integrated circuit using only a single diode positioned at a location in the die of the 
integrated circuit. As such, substantial variations in temperature across the die of the 
integrated circuit can go undetected. Consequently, early indications that a thermal 
problem exists in a portion of the integrated circuit go undetected. 

Summary 

The present invention addresses the above-described limitations of monitoring 
and controlling the temperature of an integrated circuit. The present invention provides 
a controller for monitoring and controlling the temperature of an integrated circuit to 
inhibit damage to the integrated circuit from thermal problems in the integrated circuit. 

According to an embodiment of the present invention, a controller for monitoring 
a temperature of an integrated circuit is provided having a first interface for receiving a 
first value representative of a temperature of the integrated circuit. A second interface is 
also provided for receiving a second value representative of a threshold temperature. 
Furthermore, a comparator is provided for comparing the first value to the second value 
for determining whether the first value exceeds the second value, thereby determining if 
the first value indicates an excessive temperature of the integrated circuit. 
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According to a further embodiment of the present invention, a controller for 
monitoring a temperature of an integrated circuit is provided having means for receiving 
a plurality of first values representative of a temperature of the integrated circuit. Means 
for comparing the plurality of first values to a plurality of corresponding second values 
representative of a plurality of threshold temperatures are also provided. Also provided 
are means for determining whether an over-temperature condition of the integrated 
circuit exists. 

A further embodiment of the invention involves a method having the act of 
receiving a plurality of first values representative of a temperature of the integrated 
circuit. These first values are then compared to a plurality of corresponding second 
values that are representative of a plurality of threshold temperatures. Finally, whether 
an over-temperature condition of the integrated circuit exists is determined if a first 
value represents a temperature that exceeds its corresponding threshold temperature. 

Brief Description of the Drawings 

Figures 1 A and IB illustrate a controller to monitor and control a temperature of 
an integrated circuit with an optional active thermal sensor and optional microprocessor 
according to embodiments of the present invention; 

Figure 2 illustrates a controller adapted to communicate with temperature sensors 
arranged in parallel according to an embodiment of the present invention; 

Figure 3 illustrates a controller adapted to communicate with temperature sensors 
arranged in series according to a further embodiment of the present invention; and 
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Figure 4 illustrates a controller adapted to communicate with temperature sensors 
arranged in series and having multiple temperature measurement registers according to a 
further embodiment of the present invention; and 

Figure 5 is a flow diagram illustrating a method according to an embodiment of 
the present invention. 

Detailed Description 

The illustrative embodiment of the present invention provides a temperature 
monitoring system for an integrated circuit that provides one or more die temperature 
measurements of the integrated circuit to actively monitor and/or control the die 
temperature across the integrated circuit. In the illustrative embodiment, the temperature 
monitoring system includes at least one active thermal sensor to sense a die temperature 
of an integrated circuit and a controller to determine if the temperature sensed by the 
active thermal sensor indicates an over-temperature condition in the integrated circuit. 

As used herein, the term "buffer" includes a wide variety of structures capable of 
storing a value. Such structures include, but are not limited to, a register, a memory 
location, a memory circuit or other device, a transistor, magnetic storage, or electrical 
storage. 

As used herein, the term "integrated circuit" refers to a wide variety of circuits. 
The present invention is not limited to any subset of integrated circuits as understood by 
one of ordinary skill in the art. Typically, the integrated circuit may include multiple 
circuit components formed on a single or multi-layer substrate. 
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A temperature of an integrated circuit or die, as used herein, refers to a 
temperature of at least a portion of a component of the integrated circuit or of some 
structure integrally formed with one or more components of the integrated circuit. 

According to one embodiment, the present invention is attractive for use with 
integrated circuits that desire highly accurate and reliable die temperature measurements. 
The controller of the present invention is adapted to operate with a plurality of thermal 
sensors, independently reporting a temperature so that a geographically diverse 
temperature measurement of an integrated circuit can be obtained to avert an over- 
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An embodiment of the present invention allows for an active thermal sensor to be 
embedded in multiple die locations across the die of an integrated circuit, such as a 
microprocessor, to permit thermal profiling of the microprocessor as it executes various 

15 functions, for example various code streams. Thermal profiling may include obtaining 
one or more temperature values corresponding to various portions of the integrated 
circuit. Thermal profiling may relate to temperature conditions at a specific time or over 
a period of time. Thermal profiling may also include documenting thermal 
characteristics in relation to activities the integrated circuit is performing, such as 

20 executing code streams, idling, start-up or shut-down procedures, or operation during 
various failure modes of associated cooling devices. 

Figure 1 A depicts an exemplary configuration for practicing the illustrative 
embodiment of the present invention. A controller 16 is provided on an integrated 
25 circuit 12. According to the illustrative embodiment, the controller 16 includes a buffer, 
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such as a temperature measurement register 50, for receiving a value representative of a 
temperature of the integrated circuit 12. According to one embodiment of the invention, 
an interface 51 is provided to facilitate the retrieval of the value from the temperature 
measurement register 50. In such a case, the interface is adapted to communicate with a 
5 buffer located within or external to the controller 16 in order to obtain a value 

representative of a temperature of the integrated circuit 12. Therefore, the controller 16 
may not be provided with a temperature measurement register 50, but may merely obtain 
a value from such a buffer located outside the controller 16 by the use of an interface 51. 
The interface 51 may be formed from a variety of structures, such as, for example, a 
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; |T 10 portion of an integrated circuit, a wire or an optical coupling. 



fy 



ru 



A buffer, such as a threshold register 30, is also provided for storing a value 
representative of a threshold temperature. Similar to the temperature measurement 
register 50, the threshold register 30 may be located in the controller 16. As shown in 

1 5 Figure IB, according to one embodiment of the invention, an interface 3 1 is provided to 
facilitate the retrieval of the value from the threshold register 30. In such a case, the 
interface 3 1 is adapted to communicate with a buffer located within or external to the 
controller 16 in order to obtain a value representative of a threshold temperature. The 
interface 31 may be formed from a variety of structures, such as, for example, a portion 

20 of an integrated circuit, a wire or an optical coupling. 

An excessive temperature is indicated if the temperature of the integrated circuit, 
as represented by the value in the temperature measurement register 50, exceeds the 
threshold temperature. A response register 22 is also optionally provided to specify an 
25 action to be taken if an over-temperature condition of the integrated circuit is determined 
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to exist. As described above in relation to the interfaces 51, 31 optionally used in 
conjunction with the temperature measurement register 50 and threshold register 30, a 
further interface 23 may be provided for use with the response register 22. Therefore, 
the response register 22 may be located within or outside the controller 16. 

Those skilled in the art will appreciate that the depictions in Figures 1 A and IB 
are intentionally simplified to assist in understanding the illustrative embodiment. 
Alternative configurations may be used to practice the present invention. For example, 
the embodiments of Figures 1 A and IB may be combined, resulting in some buffers 
located on the controller 16 and some buffers located external to the controller 16. 

A microprocessor 24 may interface with the controller 16 as shown in Figures 
1 A and IB. The microprocessor 24 may write values into the threshold register 30 and 
the response register 22. Also, the microprocessor 24 may read the contents of the 
temperature measurement register 50. The controller 16 is capable of monitoring and/or 
controlling the temperature of the integrated circuit 12 without communication with the 
microprocessor 24. 

A value representative of a temperature of the integrated circuit 12 may be 
provided in a variety of ways, such as by one or more diodes or by the use of other 
temperature sensors. According to an illustrative embodiment, as shown in Figure 1 A or 
IB, one or more active thermal sensors 14 are provided in thermal communication with 
the integrated circuit 12 in order to each provide a signal to the controller 16. The active 
thermal sensor 14 senses a die temperature of the integrated circuit 12 and reports a 
digital value to the controller 16 that represents the sensed die temperature at the 
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location of the active thermal sensor 14. The active thermal sensor 14 senses and reports 
a temperature value that represents either an absolute or relative die temperature at the 
sensor's location. According to an example, the value reported by the active thermal 
sensor 14 is a digital value typically containing 1 1 bits with a measurement accuracy of 
+1 .5° C. Those skilled in the art will recognize that the active thermal sensor 14 can be 
adapted to report a data unit with more than eleven bits of data or less than eleven bits of 
data without departing from the scope of the illustrative embodiment of the present 
invention. Furthermore, according to variations of the invention, a temperature sensor 
may provide an electrical signal, such as a voltage or resistance level, to be converted to 
a digital value by the controller 12. 

The thermal sensor 14 may provide a signal to the controller 16 in variety of 
ways. For example, a single electrical wire may be used to enable serial communication 
of data. A plurality of wires may be used to enable faster transfer of data. For example, 
if a 4-bit data word size is used, the use of four wires would enable the entire data word 
to be sent simultaneously. Further variations include optical transmission of data 
through one or more optical channels. Design considerations, such as the limited 
availability of wiring through portions of the integrated circuit, may favor one 
alternative over another. It is also within the scope of the invention to use a variety of 
alternatives from one thermal sensor 14 to the next. For example, some thermal sensors 
14 may use a single wire, while others use a plurality of wires. Further variations of 
communicating data may be apparent to one of skill in the art and are within the scope of 
the invention. 
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Although the controller 16 is illustrated as being located on the integrated circuit 
12, the invention is not so limited. The controller 16 may be independent of the 
integrated circuit 12. Moreover, the controller may hold temperature measurement 
registers and threshold registers where each temperature measurement register and 
5 corresponding threshold register are associated with a particular sensor. 

As illustrated in Figure 2, according to the illustrative embodiment of the 
invention, the controller 16 may be configured to communicate in parallel with a 
plurality of active thermal sensors 14A, 14B, 14C, 14D. The controller 16 is provided 
with temperature measurement registers 50A, SOB, 50C, 50D corresponding to 
respective active thermal sensors 14A, 14B, 14C, 14D. The temperature measurement 
register 50 stores a temperature value from the active thermal sensor 14. A threshold 
register 30A, 30B, 30C, 30D is also provided to correspond with each of the temperature 
measurement registers 50A, SOB, 50C, SOD. Therefore, a threshold temperature may be 
individually established for each of the temperature measurement registers. Such a 
capability allows lower thresholds to be optionally set for temperature measurement 
registers corresponding to portions of the integrated circuit expected to remain cooler. 
Likewise, higher threshold temperatures may be set for temperature measurement 
registers corresponding to portions of the integrated circuit that typically run warmer 
than other portions. Optionally, a lesser number of threshold registers may be provided, 
such that a threshold register would correspond to multiple temperature measurement 
registers 50. 

According to an embodiment of the invention, a comparator 40A, 40B, 40C, 40D 
25 is provided to correspond with each of the temperature measurement register 50 and 
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threshold register 30 pairings. As illustrated in Figure 2, the comparator 40 compares 
the values of the threshold register 30 and the temperature measurement register 50 and 
passes a result to a comparator response logic 60. According to a variation of the 
invention, one or more multiplexers or other devices can be used in order to compare the 
temperature measurement register 50 contents to the contents of the corresponding 
threshold register 30. In such a configuration, only one comparator may be used. 
According to a further variation of the invention, another circuit providing similar 
functionality may be used in place of a comparator. 

The comparator response logic 60 is in communication with the comparator 40. 
The comparator response logic 60 digitally filters the results obtained by the comparator 
40 to determine if an over-temperature condition of the integrated circuit exists. The 
comparator 40 compares a temperature value in the temperature measurement register 50 
with the threshold temperature value stored in the threshold register 30. The comparator 
response logic 60 obtains values from each of the comparators 40A, 40B, 40C, 40D. 

According to an illustrative embodiment, a window size register 65 is provided 
for access by the comparator response logic 60. The window size register 65 provides a 
value referring to a threshold number of results from the comparator 40 before a 
20 response is executed by the controller 1 6. By way of example, the window size register 
65 may contain a value of 4. In such a case, the comparator response logic, if operating 
as an up/down counter, would maintain a running count of results from the comparator 
40 until the count exceeds the value of the window size register 65. For example, if the 
comparator 40 provides three excessive temperature indications and one normal 
25 temperature indication, the up/down counter within the comparator response logic 60 
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would have a value of 2. Further, normal temperature indications would each reduce the 
value by 1 , down to a minimum of 0. 

The value stored in the window size register 65 allows the controller 16 to filter 
out an incorrect comparator 40 result caused by a erroneous temperature measurement 
value stored in the temperature measurement register 50. The value stored in the 
window size register 65 can be determined either through various statistical techniques, 
through trial and error or through any other suitable technique to filter or remove an 
erroneous comparator 40 result. Erroneous temperature measurement values causing 
such comparator 40 results can be caused by spurious electrical signals, interference, 
manufacturing defects, or other causes resulting in values received into the temperature 
measurement register 50 not representative of a temperature experienced by a 
corresponding temperature sensor. 

Optionally, the comparator response logic 60 may command a response when the 
window size register 65 count is equaled. Furthermore, the comparator response logic 
60 may act not as an up/down counter but as only an up counter, in such a case, the 
comparator response logic 60 may require a certain number of consecutive excessive 
temperature indications, or may alternatively require only a total cumulative number of 
excessive temperature indications. 

Those skilled in the art will recognize that the value stored in the window size 
register 65 can be 1 . In such a case, the comparator response logic 60 will promptly 
determine that an over-temperature condition of the integrated circuit exists upon the 
detection of a single excessive temperature indication from the comparator 40. 
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A response register 22 is provided in communication with the comparator 
response logic 60 in order to specify a response in the event of an over-temperature 
condition of the integrated circuit. A value representative of the specific response to be 
commanded is stored in the response register 22. In the event that sufficient excessive 
temperature indications are obtained from the comparator 40, the comparator response 
logic 60 commands the action for response as specified by the response register 22. 

As discussed above, the particular type of response the controller 16 executes 
when an over-temperature condition of the integrated circuit occurs is determined by the 
content of the response register 22. The responses are encoded in values stored in the 
response register. Typical actions that the controller 16 can execute upon determination 
that an over-temperature condition exists include, but are not limited to, assert an over- 
temperature pin of the integrated circuit 12, assert an over-temperature bit in an error 
register of the controller 16 or the integrated circuit 12 or the microprocessor 24, issue 
an over-temperature interrupt to a service bus of the integrated circuit 12, cause a trap, 
slow down the operating frequency of the integrated circuit 12, stop the integrated 
circuit 12, or do nothing. Those skilled in the art will recognize that the list of responses 
is merely exemplary and that other response possibilities can be executed by the 
controller 16 in response to a detection of an over-temperature condition of the 
integrated circuit. 

A microprocessor 24 is optionally provided according to an embodiment of the 
present invention. The microprocessor 24 can communicate with the controller 16 in 
order to provide information to the controller 16, manipulate the controller 16, or to 
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obtain information from the controller 16. For example, the content of the response 
register 22 may be provided by the microprocessor 24. The contents of each of the 
threshold registers 50 may also be provided by the microprocessor 24. Alternatively, the 
content of both of these registers may be burned in upon manufacture or entered in 
another manner. 

Over-temperature condition determinations or current count status of excessive 
temperature indications can be forwarded by the comparator response logic 60 to the 
microprocessor 24. Furthermore, the specific response to be executed may be forwarded 
to the microprocessor 24 for execution, or may be forwarded directly by the controller 
16 to the appropriate component for execution. 

Information relating to specific temperature values can also be provided to the 
microprocessor 24. The controller 16 can shift the contents of the temperature 
measurement register 50, or each of a plurality of temperature measurement registers, to 
the microprocessor 24 when polled by the microprocessor 24. Also, the microprocessor 
24 can read the contents of the response register 22 or the threshold registers 30. 

The microprocessor 24 may be connected to the controller 16 by the use of an 
interface at specific times in order to communicate with the controller 16 as needed. 
Alternatively, the microprocessor 24 may be connected to the controller 16 by the use of 
a full-time interface. The controller 16 is capable of determining over-temperature 
conditions of the integrated circuit without the use of the microprocessor 24. 
Furthermore, according to an embodiment of the invention, the controller 16 may 
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execute responses to over-temperature conditions without communicating with the 
microprocessor 24. 

According to an alternative embodiment, the controller 16 has a DEBUG mode 
of operation. The DEBUG mode enables values to be written to the temperature 
measurement registers 50, independent of temperature sensor 14 output, for testing the 
controller 16 under various conditions. In this mode of operation, contents of the 
threshold registers 30A, 30B, 30C and 30D as well as the temperature measurement 
registers 50A, SOB, 50C and SOD may be provided by the microprocessor 24. 
Optionally, the contents of the window size register 65 and/or the response register 22 
may also be provided. By monitoring the response of the controller 16 from the 
comparator control response logic 60, the correct functioning of the controller 16 can be 
verified. The DEBUG mode of operation can be employed as a part of the controller 1 6 
power-up or triggered by the microprocessor 24 at any time to ensure that the controller 
16 is active and properly functioning. 

A further embodiment of a controller 16 according to the present invention is 
illustrated in Figure 3. The controller 16 of Figure 3 is configured to communicate with 
temperature sensors 14 arranged serially. The controller 16 of Figure 3 is similar in 
operation to the controller 16 of Figure 2, with the exception of the accommodation of 
the communications with the temperature sensors arranged serially. In this embodiment, 
because only one temperature value is received by the controller 1 6 at a time, only one 
temperature measurement register 50, comparator 40 and threshold register 30 are 
required when operating the controller 16 with multiple temperature sensors. 
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In order to manage the communications with temperature sensors 14 A, 14B, 
14C, 14D arranged serially, a serial temperature capture device 80 is provided. The 
serial temperature capture device 80 receives serial data from one or more temperature 
sensors 14 and serially writes the temperature value to the temperature measurement 
register 50. The serial temperature capture device 80 also provides information to 
identify the specific temperature sensor 14 to the comparator control response logic 60 
to enable the comparator control response logic 60 to insert a value corresponding to the 
appropriate threshold temperature for the specific temperature sensor 14 into the 
threshold register 30. The serial temperature capture device 80 may communicate with 
the temperature sensors in a variety of ways. As will be apparent to one in the art, a 
variety of optional methods of operating a serial communication link may be performed, 
and are within the scope of the invention, to ensure accurate data transmission and 
provide rapid transfer of data. 

As discussed above in relation to an earlier embodiment, the thermal sensor 14 
may provide a signal to the controller 16 in variety of ways. For example, the signal 
may be provided from the thermal sensors 14 arranged serially to the controller 16 by 
the use of a single wire, a plurality of wires or optically. Also, a combination of these 
alternatives may be employed for use with a single controller 16. 

Optionally, the serial temperature capture device 80 can also interface directly 
with the optional microprocessor 24 to provide temperature values or information to 
identify the specific temperature sensor 14 to enable the microprocessor 24 to determine 
the temperature sensor corresponding to the temperature value stored in the temperature 
measurement register 50. 
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In operation, the controller 16 of Figure 3 uses the comparator 40 to compare the 
values of the threshold register 30 and the temperature measurement register 50 and 
passes a result to a comparator response logic 60. As described in relation to the 
comparator 16 of Figure 2, comparator response logic 60 determines whether an over- 
temperature condition in the integrated circuit exists. 

A further embodiment of the invention is illustrated in Figure 4. This 
embodiment combines the serial temperature capture device 80 with a plurality of 
temperature measurement registers 50. Optionally, a plurality of comparators 40 and 
threshold registers 30 are also provided. According to this embodiment, the serial 
temperature capture device 80 obtains values representative of a temperature of the 
integrated circuit from thermal sensors 14 arranged serially. The serial temperature 
capture device 80 then writes or directs the value to a temperature measurement register 
50. As described above in relation to another embodiment, a comparator 40 compares 
the values of a threshold register 30 and the temperature measurement register 50 and 
passes a result to a comparator response logic 60. Alternatively or in addition, one or 
more multiplexers or other devices can be used in order to compare the contents of a 
plurality of temperature measurement registers 50 to the contents of a threshold register 
30. In such a configuration, only one comparator 40 or multiple comparators 40 may be 
used. 

A method 100 according to an embodiment of the present invention is illustrated 
in Figure 5. The method 100 includes the act of receiving a plurality of first values 
representative of a temperature of the integrated circuit, act 110. These first values are 
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then compared to a plurality of corresponding second values that are representative of a 
plurality of threshold temperatures, act 120. Finally, whether an over-temperature 
condition of the integrated circuit exists is determined if a first value represents a 
temperature that exceeds its corresponding threshold temperature, act 130. 

Optionally, an over-temperature condition of the integrated circuit is determined 
by digitally filtering the results of comparing the first values representative of a 
temperature of the integrated circuit and the second values that are representative of a 
plurality of threshold temperatures, act 140. Such results are assessed according to a 
pre-determined threshold count. As described above, the count may be performed in a 
variety of ways and serves to avoid false determinations of over-temperature conditions 
by requiring a sufficient number of excessive temperature indications. 

According to a variation of the invention, a further act 150 of determining a 
response to the over-temperature condition may be performed. According to one 
embodiment of the invention, a response to be performed is designated by a value stored 
in the response register 22. The determined response may then be executed, act 160. 

According to various embodiments of the present invention, thermal monitoring 
and control of the integrated circuit 12 can be readily accomplished. The benefit of 
thermal monitoring can be significant especially when the integrated circuit 12 is a 
microprocessor that executes various code streams. 

The present invention has been described by way of example, and modifications 
and variations of the described embodiments will suggest themselves to skilled artisans 
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in this field without departing from the spirit of the invention. Aspects and 
characteristics of the above-described embodiments may be used in combination. The 
described embodiments are merely illustrative and should not be considered restrictive 
in any way. The scope of the invention is to be measured by the appended claims, rather 
than the preceding description, and all variations and equivalents that fall within the 
range of the claims are intended to be embraced therein. 

The described embodiments are meant to be illustrative and not limiting. For 
example, the controller 16 can be configured to recognize a signal from a temperature 
sensor indicating that a temperature value is available. Moreover, the functions 
provided by the microprocessor 24 can be incorporated into the controller 16 to further 
reduce the number of interfaces with the controller 16. In addition, the temperature 
sensors and the controller 16 can communicate in either a uni-directional or bi- 
directional manner. 
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